Introduction
The homeodomain transcription factor Cdx2 is involved in the formation and maintenance of the trophectoderm lineage (1, 2) and directs anteroposterior axis definition during embryogenesis through modulation of Hox gene expression (3) (4) (5) . In addition, several studies have indicated a role for Cdx family members in early hematopoietic development (6) (7) (8) . In adult mammals, Cdx2 expression is confined to the intestinal epithelium, where it controls intestine-specific gene transcription, cell adhesion, columnar morphogenesis, apoptosis, and proliferation (9, 10) .
Increased CDX2 activity is important to the pathogenesis of human hematopoietic malignancies (11, 12) . We and others have found that CDX2 is aberrantly expressed in the leukemic cells of most patients with acute myeloid leukemia (AML), but not in hematopoietic stem and progenitor cells (HSPCs) derived from normal individuals (13) (14) (15) . Suppression of CDX2 inhibits the proliferation of AML cell lines and reduces their clonogenic potential (15) . Primary murine HSPCs can be transformed in vitro by Cdx2 and generate fully penetrant and transplantable AML in BM transplant (BMT) recipients, consistent with a causal role for increased CDX2 function in myeloid leukemogenesis (15, 16) .
The transcriptional effects that mediate the leukemogenic activity of CDX2 remain incompletely understood. Due to the importance of Cdx proteins in the control of Hox gene expression and hematopoiesis during embryonic development, it has been suggested that CDX2 may contribute to AML pathogenesis through dysregulation of HOX genes, a common feature of AML and one implicated in leukemic transformation (17) . In support of this hypothesis, aberrant HOX gene programs have been observed in CDX2 + murine and human leukemias as well as in directly transduced HSPCs (14, 15) ; however, more direct mechanistic evidence linking CDX2 to perturbed HOX gene expression in AML is currently lacking. Furthermore, Cdx2 is known to regulate a wide range of non-Hox genes during embryonic development and in the gastrointestinal tract (1, 2, (18) (19) (20) (21) . Therefore, it is likely that additional target genes of CDX2 contribute to its leukemogenic potential.
Consistent with its function in maintaining intestinal cell homeostasis, deregulation of CDX2 has also been implicated in colorectal cancer (CRC) development. There is evidence that CDX2 acts as a tumor suppressor due to its ability to reduce the proliferation of CRC cells and its loss in human colon polyps and cancers (22) (23) (24) , a view that is also supported by gene targeting studies in mice (25, 26) . Interestingly, CDX2 may also have oncogenic activity in the colon and the upper gastrointestinal tract (27) (28) (29) , which suggests that CDX2 possesses both tumor-promoting and tumorinhibitory properties. The mechanism underlying these contextdependent effects, and the apparently contradictory roles of CDX2 in AML versus colonic epithelial cells, are not well understood.
The objectives of the present study were to examine the consequences of aberrant CDX2 expression in hematopoietic cells using an unbiased approach, requiring no prior knowledge of the normal functions of CDX2, and to gain insight into the opposing effects of CDX2 in AML and CRC. To delineate essential transcriptional features of CDX2-mediated leukemogenesis, we characterized the gene signatures that are activated in mouse HSPCs in response to Cdx2 expression, in a murine model of Cdx2-induced leukemia, and in human AML associated with aberrant CDX2 expression. We identified and validated silencing of the KLF4 transcription factor as a critical oncogenic function of CDX2 and showed that CDX2 differentially regulated KLF4 expression in AML versus CRC cells through a mechanism involving tissue-specific patterns of promoter binding and epigenetic modifications. Furthermore, we used an in silico chemical genomic approach and a murine model to uncover reactivation of KLF4 expression, through modulation of PPARγ signaling, as a therapeutic modality in CDX2-driven AML.
Results

Derivation of a gene signature associated with Cdx2 expression in murine
HSPCs. Based on the transforming activity of Cdx2 in mice, we hypothesized that aberrant expression of Cdx2 in murine HSPCs would lead to deregulation of a specific set of transcripts that might be relevant to leukemia development. We transduced c-Kit + Lincells from 5-fluorouracil-treated C57BL/6 mice with either a pMSCV-IRES-GFP retroviral construct encoding Cdx2 or an empty control vector and examined gene expression in sorted GFP + cells from each population after 48 hours using DNA microarrays. Class comparison analysis demonstrated that ectopic Cdx2 expression caused widespread changes in the transcriptome of murine HSPCs. Using a 3-fold cutoff and a P value of 0.001, we found 1,321 genes to be significantly upregulated and 1,385 to be significantly downregulated. The top 50 and 200 deregulated genes are shown in Figure 1A and Supplemental Table 1 (supplemental material available online with this article; doi:10.1172/JCI64745DS1), respectively. These results showed that Cdx2 induces a distinct pattern of transcriptional changes in immature hematopoietic cells.
Categorization of human AML based on Cdx2-induced transcriptional changes. To explore whether the effects induced by Cdx2 in murine HSPCs might be relevant to human leukemogenesis, we evaluated the 200 most highly differentially expressed genes from the murine-derived HSPC Cdx2 signature across the gene expression profiles from 436 unselected AML patients with a wide variety of cytogenetic and molecular abnormalities (available at GEO, accession no. GSE16432). Taking into account probe differences between the human cDNA and mouse oligo-microarray platforms, we found 122 of these 200 genes (represented by 221 clones) to be differentially expressed in the patient cohort. Hierarchical clustering based on this human counterpart of the murine HSPC Cdx2 signature revealed 6 patient groups that differed in their association with karyotypic abnormalities and mutations in the FLT3, NPM1, and CEBPA genes (Supplemental Figure 1) , powerful determinants of outcome in patients with AML (30) . These data demonstrated that the transcriptional profile driven by Cdx2 in murine HSPCs can be detected in human AML and correlates with clinically relevant markers of disease biology.
Identification of candidate downstream effectors of CDX2 in myeloid leukemogenesis. To nominate specific genes that possibly mediate the activity of CDX2 in AML, we examined the gene expression profiles of 136 patients in which CDX2 mRNA levels had been measured by quantitative RT-PCR (qRT-PCR) (15) . Class comparison analysis of cases in the highest (fourth) versus the lowest (first) quartile of CDX2 expression revealed 2,418 differentially regulated cDNA clones (1,335 upregulated, 1,083 downregulated; Figure 1B and Supplemental Figure 2A ).
Given the cytogenetic and molecular heterogeneity of human AML, which was also evident in our patient cohort (Supplemental Figure 2 , B and C), it seemed likely that the transcriptional pattern associated with high CDX2 mRNA expression was influenced by factors in addition to CDX2, complicating the identification of critical CDX2 target genes. We therefore performed a crossspecies comparison between the patient-derived gene signature associated with high CDX2 mRNA expression and the murine HSPC Cdx2 signature. We observed that 13 genes (represented by 18 probe sets) were shared by the human and mouse signatures ( Figure 1B ), of which 6 were regulated in the same direction ( Figure 1C ). In murine HSPCs overexpressing Cdx2 and in AML patients with high CDX2 mRNA expression, 2 genes were repressed more than 2-fold: KLF4, encoding Krüppel-like factor 4 (gut), and G0S2, encoding G0/G1 switch 2.
To corroborate these findings, we used cancer outlier profile analysis (COPA), a bioinformatics approach that was developed to discover oncogenes from transcriptome data based on outlier expression in subsets of cancers (31) . Application of COPA to the expression profiles of the 136 human AML cases demonstrated that of the putative CDX2 effectors shown in Figure 1C , only KLF4 and G0S2 were among the top-ranking outliers at the 95th percentile, showing markedly decreased expression in patients with high CDX2 mRNA levels ( Figure 1D ). These observations, together with previous data showing that KLF4 functions as a tumor suppressor in certain gastrointestinal cancers (32) (33) (34) and B cell malignancies (35, 36) , suggested that suppression of KLF4 might be one mechanism whereby CDX2 promotes leukemogenesis.
Causal relationship between aberrant CDX2 expression and repression of KLF4 in human myeloid leukemia cells. To investigate whether there is a functional link between CDX2 and KLF4 expression, we measured KLF4 mRNA levels by qRT-PCR in response to modulation of CDX2 expression in human myeloid leukemia cell lines ( Figure 2A and Supplemental Figure 3A) . We first transduced cells that lack CDX2 mRNA with lentiviral vectors encoding full-length CDX2. Confirming the results from the microarray analyses, expression of CDX2 resulted in a decrease in KLF4 transcription that translated into reduced KLF4 protein levels and was accompanied by downregulation of known KLF4 target gene CDKN1A, which encodes cyclin-dependent kinase inhibitor 1A (p21, Cip1) ( Figure 2B and Supplemental Figure 3 , B and C). Next, we transduced CDX2 + cell lines with lentiviral shRNA constructs targeting CDX2 and observed that stable knockdown of CDX2 led to increased KLF4 and CDKN1A mRNA levels ( Figure 2C and Supplemental Figure 3D ). These data confirmed our initial observations and supported a causal role for CDX2 in suppression of KLF4 in human myeloid leukemia cells.
CDX2 binds to the KLF4 regulatory region and causes transcriptional repression of KLF4 in myeloid leukemia cells. The decrease in KLF4 mRNA associated with aberrant CDX2 expression suggested a direct transcriptional link between CDX2 and KLF4 in myeloid leukemia cells. To investigate this possibility, we examined the KLF4 promoter, as predicted by the MatInspector program (www. genomatix.de), as well as 3.2 kb of genomic sequence upstream of the KLF4 transcriptional start site (TSS). We identified 5 sites with high homology to the consensus sequence for binding of Cdx proteins, TTTATA/G ( Figure 2D and refs. 37, 38) . To determine whether CDX2 binds to any of these sites in vivo, we performed ChIP experiments using K-562 cells stably transduced with HAtagged CDX2 (HA-CDX2). Incubation of whole-cell lysates with an anti-HA Ab followed by PCR-based quantification of IP genomic DNA fragments showed that CDX2 bound to a segment of the KLF4 regulatory region ranging from nt -1,364 to -1,288 (site 3; Figure 2E ). A second segment, ranging from nt -1,290 to -1,184 (site 4), was also enriched compared with a control locus (GAPDH), but this difference did not reach statistical significance ( Figure 2E ). Reporter assays in K-562 cells showed that a segment of the KLF4 regulatory region containing sites 3 and 4 was able to repress luciferase (LUC) activity when cotransfected with CDX2. Mutation analyses demonstrated that disruption of site 3, but not site 4, abolished the ability of CDX2 to repress transcription ( Figure 2F ).
To further confirm the role of CDX2 in mediating repression of KLF4, we examined the effects of aberrant CDX2 expression on the distribution of histone modifications in the KLF4 regulatory region in myeloid leukemia cells. We performed ChIP-qPCR experiments in K-562 cells transduced with HA-CDX2 or an empty control vector, focusing on domains enriched for trimethylated H3K4 (H3K4me3; associated with active transcription) or trimethylated H3K27 (H3K27me3; associated with repressed transcription) that have been mapped previously in K-562 cells to a genomic region upstream of KLF4 ( Figure 2D and Supplemental Figure 3E ). A consistent feature associated with exogenous CDX2 expression was the loss of H3K4me3 enrichment around the KLF4 promoter, whereas H3K27me3 occupancy remained unaffected ( Figure 2G ). CDX2 has been shown to directly bind to the H3K4 demethylase KDM5B (also known as JARID1B; ref. 39 ). We verified the interaction between CDX2 and KDM5B in K-562 cells ( Figure 2H ) and observed that depletion of KDM5B using lentiviral shRNA constructs reverted the decrease in H3K4me3 enrichment associated with exogenous CDX2 expression (Figure 2I and Supplemental Figure 3F ). Collectively, these data showed that in myeloid leukemia cells, CDX2 occupies a distinct sequence motif in the KLF4 regulatory region to repress KLF4 transcription via epigenetic silencing that involves aberrant H3K4 demethylation by KDM5B.
Growth-inhibitory effect of KLF4 in CDX2 + myeloid leukemia cells. To investigate the functional role of KLF4 in leukemias driven by CDX2, we transduced myeloid leukemia cell lines with a lentiviral vector encoding KLF4 or an empty control vector (Supplemental Figure 4A ). Whereas KLF4 inhibited the viability and proliferation of CDX2 + cells, it had no effect or only a marginal one on CDX2 -cells ( Figure 3A) . Likewise, the growth and survival of early-passage cell lines derived from different murine leukemias induced by Cdx2 in a previously described BMT model (15) was also significantly decreased in response to KLF4 expression ( Figure 3B ).
To examine the mechanisms behind this effect, we analyzed apoptosis induction and cell cycle progression in myeloid leukemia cell lines after lentiviral transduction with KLF4. Annexin V staining showed that exogenous KLF4 significantly increased apoptosis in CDX2 + cells, but not CDX2 -cells ( Figure 3C ). Furthermore, flow cytometric analysis of 5-ethynyl-2′-deoxyuridine (EdU) incorporation demonstrated that CDX2 + cells accumulated in the G2/M phase of the cell cycle, whereas CDX2 -cells were largely unaffected (Supplemental Figure 4B ). These results suggested that KLF4 counteracts the effects of CDX2 in myeloid cells by inducing cell cycle arrest and apoptosis.
To further confirm that the oncogenic effects of CDX2 are mediated through silencing of KLF4, we performed rescue experiments in which we evaluated the effect of suppressing CDX2 in the context of blocked KLF4 expression. We stably transduced CDX2 + NOMO-1 cells with shRNA constructs targeting KLF4 or a nontargeting control shRNA, followed by shRNA knockdown of CDX2. As expected, CDX2 suppression decreased colony formation in methylcellulose of NOMO-1 cells with unimpaired KLF4 expression. In contrast, the effect of CDX2 knockdown was attenuated by prior knockdown of KLF4 ( Figure 3D and Supplemental Figure 4 , C and E). To extend these results, we introduced a GFP-labeled lentiviral vector that coexpresses an shRNA targeting CDX2 into NOMO-1 cells and monitored viable cells by flow cytometry. Consistent with the colony formation assays, knockdown of CDX2 in the setting of intact KLF4 expression decreased the proportion of GFP + cells over time, indicative of a toxic effect of CDX2 depletion. In contrast, CDX2 knockdown in the context of blocked KLF4 expression did not result in loss of GFP + cells ( Figure 3E and Supplemental Figure 4D ), which indicates that restoration of KLF4 expression is requisite for the antiproliferative effect of CDX2 knockdown.
To corroborate these findings in vivo, we performed competitive BMT with equal numbers of GFP + leukemic cells derived from Cdx2-induced murine leukemias that were transduced with a retroviral vector expressing KLF4 or an empty control vector ( Figure 3F ). All mice died of AML within 33-40 days (median, 37.8 d). Flow cytometric quantification of the relative contribution of the different cell populations showed that cells expressing KLF4 were outcompeted by cells transduced with the control vector, as they were undetectable in the BM and spleen of diseased mice ( Figure 3G ). In a second approach, we transplanted Cdx2 + leukemic cells transduced with KLF4 or empty vector in a noncompetitive fashion ( Figure 3H ). These experiments showed that only 1 of the mice that received KLF4-expressing cells died, whereas all control mice succumbed to an aggressive leukemia after a median latency of 55 days, resulting in a statistically significant difference in survival ( Figure 3I ). Together, these observations substantiated the concept that KLF4 inhibits AML development and is transcriptionally silenced in response to aberrant CDX2 expression.
Reversal of CDX2-induced transcriptional changes by PPARγ agonist treatment. Given that CDX2 is aberrantly expressed in most AML patients and promotes leukemogenesis, interfering with CDX2 or its downstream effectors represents an attractive therapeutic strategy. However, targeting transcription factors is challenging and has not yet been clinically realized. Because of these limitations, we used the Connectivity Map (C-Map), a repository of gene expression profiles from human cell lines treated with a large number of small bioactive molecules (40) , to identify modulators of CDX2-induced transcriptional changes. Specifically, we used the human counterpart of the gene signature associated with ectopic expression of Cdx2 in murine HSPCs to query the C-Map for compounds whose activity is linked negatively to this signature. Among the perturbagens with negative enrichment scores (indicative of compounds that may repress the biological state encoded in the Cdx2 signature) were several drugs that stimulate the nuclear receptor PPARγ, a ligand-activated transcription factor involved in the regulation of lipid and glucose homeostasis (41) . These drugs included 15-deoxy-Δ 12,14 -prostaglandin J 2 (PGJ 2 ), a natural PPARγ ligand, and 3 thiazolidinediones (rosiglitazone, pioglitazone, and troglitazone), a class of antidiabetic drugs that improve insulin sensitivity ( Figure 4A ).
In addition to its metabolic actions, PPARγ signaling has also been implicated in the control of cell proliferation, survival, and differentiation. Consistent with these functions, PPARγ ligands inhibit proliferation and induce apoptosis or differentiation in various epithelial and hematologic cancer cell lines and animal models, yet the underlying mechanisms remain incompletely understood (42) . In CRC cell lines, PPARγ agonists have been shown to increase KLF4 expression (43) (44) (45) (46) , which suggests that the tumor-suppressive properties of these drugs may be linked to their ability to upregulate KLF4. Based on our observations that PGJ 2 and thiazolidinediones inhibited the gene signature associated with aberrant Cdx2 expression and that suppression of KLF4 was a functionally relevant component of this signature, we reasoned that PPARγ agonists might exert tumor-suppressive effects in AML cells through induction of KLF4.
In support of this hypothesis, treatment of CDX2 + AML cells with 5 μM of the PPARγ agonist PGJ 2 for 24 hours led to increased KLF4 mRNA levels ( Figure 4B ), an effect that was mitigated by a PPARγ antagonist ( Figure 4C ). To further substantiate that PPARγ agonist treatment leads to induction of KLF4 in CDX2 + AML cells, we also analyzed the effects of telmisartan, an angiotensin II receptor antagonist used for the treatment of hypertension that can function as a partial PPARγ agonist (47) . Treatment of CDX2 + cells with 50 μM telmisartan for 24 hours also significantly increased KLF4 transcription, albeit to a lesser extent than did PGJ 2 . In contrast, PGJ 2 or telmisartan treatment were not associated with increased KLF4 mRNA expression in CDX2 -cells ( Figure 4B) .
Upregulation of PPARγ signaling components in CDX2-driven AML. PPARγ ligands regulate transcription through binding to their cognate receptor, which then undergoes specific conformational changes that allow for coactivator protein recruitment (48) . We therefore speculated that the differential effects of PPARγ agonist treatment depending on CDX2 status could be explained by differences in the abundance of PPARγ and its coactivators. Consistent with this hypothesis, qRT-PCR analysis identified PPARG (encoding PPARγ) and PPARGC1A (encoding PPARγ coactivator 1α) transcripts in CDX2 + AML cell lines, whereas CDX2 -cells showed no PPARG and PPARGC1A mRNA expression ( Figure 4D) .
To validate the link among aberrant CDX2 expression, silencing of KLF4, and altered PPARγ signaling in vivo, we generated retrovirally expressed, Cdx2-induced AML in a murine BMT model. We hybridized RNA from spleen cells of diseased primary or secondary transplant recipients to DNA microarrays and compared the resulting gene expression profiles with those of leukemias initiated by 5 different MLL fusion oncogenes that were generated previously using the same experimental strategy (available at GEO, accession no. GSE13690; Figure 4E ; and ref. 49 ). Class comparison analysis identified 9,757 genes that were differentially expressed between leukemias driven by Cdx2 or MLL fusion proteins; the top 200 differentially regulated genes are shown in Supplemental Table 2 . We then examined the expression of individual genes in the different datasets and observed that Klf4 was significantly downregulated in Cdx2-induced AML, consistent with our findings in murine c-Kit + Lin -cells and human AML ( Figure 4F ). These data confirmed that suppression of Klf4 is a characteristic component of the transcriptional program associated with the leukemogenic activity of Cdx2.
Strikingly, gene set enrichment analysis identified the BioCarta Pathway "Role of PPAR-gamma Coactivators in Obesity and Thermogenesis" as the top differentially expressed pathway between Cdx2 and MLL leukemias (Supplemental Table 3 ). Several components of this pathway were also significantly altered at the single-gene level. For example, Cdx2-driven leukemias were associated with upregulation of Pparg as well as very high expression of Ppargc1a, the top differentially expressed gene between Cdx2 and MLL leukemias ( Figure 4F and Supplemental Table 2 ). These data supported induction of PPARγ signaling components as a mechanism through which CDX2 renders myeloid leukemia cells sensitive to PPARγ agonist treatment.
Functional consequences of PPARγ agonist treatment in CDX2 + myeloid leukemia cell lines. We next investigated whether the transcriptional changes induced by PPARγ agonists translate into a tumor-suppressive effect. In CDX2 + myeloid leukemia cells, PGJ 2 treatment induced apoptosis (as evidenced by an increase in annexin V + cells and a shift to the sub-G1 phase of the cell cycle) as well as myelomonocytic differentiation (as indicated by increased CD14 expression), consistent with previous observations that KLF4 promotes monocyte development (50) . In contrast, CDX2 -cell lines were largely unaffected by PGJ 2 ( Figure 5 , A-C, and Supplemental Figure 5 , A-C). We also tested the effect of PPARγ agonists on the ability of AML cell lines to form colonies in clonogenic methylcellulose assays. For CDX2 + cell lines, we observed a significant reduction in the number of colonies in response to PGJ 2 or telmisartan. In contrast, these compounds only marginally decreased colony numbers of CDX2 -cells ( Figure 5D ). Notably, telmisartan reduced colony size in all cell lines ( Figure 5D ), which indicates that this drug has additional antiproliferative properties that are independent of CDX2 status. To verify that the effects of PPARγ agonist treatment were KLF4 dependent, we incubated CDX2 + NOMO-1 cells with PGJ 2 after shRNA knockdown of KLF4 and observed that apoptosis induction by this compound was blunted in the context of impaired KLF4 expression ( Figure 5E ). Together, these results indicated that PPARγ agonists counteract the effects of aberrant CDX2 expression in HSPCs and suggested upregulation of KLF4 as one mechanism whereby PPARγ agonists inhibit the survival and clonogenic potential of human AML cells.
Functional consequences of PPARγ agonist treatment in CDX2 + primary human and murine myeloid leukemias. We next sought confirmation in primary human and murine AML. Consistent with the results in myeloid leukemia cell lines, PGJ 2 treatment impaired colony formation in methylcellulose of BM mononuclear cells from patients with CDX2 + AML ( Figure 6A and Supplemental Table 4 ). In contrast, PGJ 2 had no effect on colony formation of CD34 + cells derived from the BM of healthy individuals ( Figure 6B, left) . Long-term culture-initiating cell (LTC-IC) assays with stromal cell support for 5 weeks demonstrated that PGJ 2 treatment of CDX2 + Figure 6C, right) . In contrast, PGJ 2 did not reduce LTC-IC frequency in normal CD34 + cells (Figure 6B, right) .
In addition, we investigated the effects of PPARγ agonist treatment in a previously established mouse model of Cdx2-driven AML (15) . Incubation of the leukemic cells from different Cdx2-induced murine leukemias with PGJ 2 decreased their clonogenic potential in serial replating assays ( Figure 7A ), promoted apop- tosis ( Figure 7B) , and induced the expression of CD11b, a cell surface marker associated with myelomonocytic differentiation ( Figure 7C ). As predicted by our findings in human myeloid leukemia cell lines, PPARγ agonist treatment was associated with upregulation of Klf4 mRNA expression ( Figure 7D ). Together, these data validated our findings in myeloid leukemia cell lines and demonstrated the antileukemic activity of PPARγ agonist treatment in primary CDX2 + AML.
Antagonistic regulation of KLF4 expression by CDX2 in CRC versus AML cells.
Previous studies have shown that CDX2 acts as a tumor suppressor in the colon and rectum (23) (24) (25) (26) , a finding diametrically opposed to its function in AML. To investigate whether these context-dependent roles could be explained by opposing effects on KLF4 transcription, we modulated CDX2 expression in human CRC lines and measured KLF4 mRNA levels by qRT-PCR. Depletion of CDX2 by shRNA-mediated knockdown caused a decrease in KLF4 mRNA expression (Figure 8, A and B , and Supplemental Figure 6 , A-C). Conversely, overexpression of CDX2 in HT-29, a cell line with low endogenous CDX2 levels, resulted in upregulation of KLF4 mRNA ( Figure 8C ), consistent with previous data showing that CDX2 activates the KLF4 promoter in CRC cells (51) .
To corroborate these findings, we performed ChIP experiments in HT-29 cells stably expressing HA-CDX2 and observed that exogenous CDX2 associated with 2 genomic regions upstream of KLF4 (sites 1 and 2) that differed from those occupied by CDX2 in myeloid leukemia cells ( Figure 2E and Figure 8D ). In addition, overexpression of CDX2 in HT-29 cells resulted in an increase in H3K4me3 near the KLF4 TSS, whereas H3K27m3 levels were unchanged ( Figure 8E ).
To further characterize the mechanism underlying tissue-specific regulation of KLF4 transcription by CDX2, we performed quantitative DNA methylation assessment 2.1 kb upstream and 1.3 kb downstream of the KLF4 TSS using MassARRAY technology ( Figure 8F ). In total, we interrogated 109 CpG dinucleotides located in 72 addressable CpG units. These experiments revealed prominent differences in DNA methylation levels in an upstream region of intermediate CpG density (nt -1,500 to -2,000), in close vicinity to CDX2 binding sites 3 and 4 (-1,364 to -1,288 and -1,290 to -1,184, respectively) that are occupied by CDX2 in myeloid leukemia cells. While HT-29 CRC cells were almost completely methylated in this region (>75%), K-562 cells exhibited 2 distinct areas of markedly decreased DNA methylation (∼20%). DNA methylation levels at the CpG island near the TSS were low for both cell lines. Further downstream (+0.5 to +1.2 kb, covering the exon 2-intron 2 region), striking DNA methylation differences were again observed: K-562 cells were almost completely methylated, whereas HT-29 cells were virtually unmethylated.
This comparative analysis of the interaction between CDX2 and the KLF4 regulatory region in AML and CRC cells indicated that the divergent properties of CDX2 can be accounted for, at least in part, by differential regulation of KLF4 expression through a mechanism that involves tissue-specific patterns of promoter binding and epigenetic modifications at the KLF4 5′ locus.
Discussion
AML is a genetically and biologically heterogeneous disease. As a consequence, developing broadly applicable targeted AML therapies is challenging. We and others have previously shown that different leukemogenic pathways converge on the homeodomain tions of individual CDX2 target genes to AML development, we focused on KLF4, which was consistently deregulated in the context of aberrant CDX2 expression. There is evidence that KLF4, which encodes a zinc finger transcription factor, can function both as a tumor suppressor and as an oncogene (54) . In support of the former, the KLF4 locus is deleted or methylated in human colon and gastric cancers (33, 34) , and tissue-specific deletion of Klf4 in mice results in gastric hyperplasia and polyps (32) . Furthermore, KLF4 has been identified as a candidate tumor suppressor in classical Hodgkin lymphoma, B cell non-Hodgkin lymphoma, and a mouse model of pre-B cell acute lymphoblastic leukemia (35, 36) . On the other hand, KLF4 is often overexpressed in human breast and squamous cell carcinomas and can contribute to oncogenic transformation of cultured cells by mutant RAS (55-57).
transcription factor CDX2, which is aberrantly expressed in the leukemic cells of approximately 90% of AML patients (14, 15) . Characterization of CDX2 effectors is therefore likely to yield new insights into myeloid leukemogenesis and may uncover common targets for therapy. However, little is known about the consequences of aberrant CDX2 expression in hematopoietic cells (12) . Whereas the global gene expression patterns regulated by CDX2 have been determined in embryonic stem cells, intestinal cells, and human CRC cells (9, 19, 21, 52, 53) , previous studies of murine and human AML were limited to selected HOX genes that are known transcriptional targets of CDX2 during development (14) (15) (16) .
We report here the transcriptome changes associated with Cdx2 expression in immature hematopoietic cells, CDX2 + human AML, and Cdx2-driven murine leukemia. To determine the contribu- leukemia cells; third, KLF4 was required for the toxic effect of CDX2 knockdown on AML cells; and fourth, KLF4 blocked the development of AML induced by Cdx2 in a murine model. Thus, given the high prevalence of aberrant CDX2 expression, our data uncover silencing of KLF4 as a common event in AML pathogenesis, although it is likely that CDX2 exerts its leukemogenic effect Our findings support the view that in the myeloid compartment, KLF4 possesses growth-inhibitory properties: first, KLF4 was repressed in mouse HSPCs following Cdx2 expression ex vivo, in human AML associated with aberrant CDX2 expression, and in Cdx2-driven murine leukemias; second, ectopic expression of KLF4 induced cell cycle arrest and apoptosis in CDX2 + myeloid Figure 2D . AFP and GAPDH served as negative and positive control loci for H3K4me3; GAPDH and SAT2 served as negative and positive control loci for H3K27me3. (F) Quantitative DNA methylation levels at the KLF4 locus in HT-29 cells and K-562 myeloid leukemia cells. The KLF4 TSS (+1) and CDX2 binding sites 3 and 4 are marked, and their relative positions are given. The green bar depicts a CpG island (CGI). The dashed line indicates a region where DNA methylation could not be assessed.
The leukemogenic activity of CDX2, and its absence in normal hematopoietic progenitors, indicate that blocking the effects of CDX2 may provide a therapeutic window in patients with AML. Direct inhibition of CDX2 is currently not possible; however, our results point to events downstream of CDX2 that could serve as novel targets for treatment. We observed that introduction of KLF4 was selectively toxic to CDX2 + myeloid leukemia cell lines, which indicates that reactivation of KLF4 could be of therapeutic value in AML driven by CDX2. Although reconstituting the function of genes whose expression is lost during carcinogenesis is challenging, there are drugs under development that inhibit tumor growth by inducing KLF4 through a mechanism that involves intracellular zinc depletion (64) . While these compounds are primarily being tested in solid tumors, our results suggest that evaluation of their therapeutic utility may also be warranted in myeloid leukemias.
As an alternative approach to devise potential CDX2-directed therapies, we used a chemical genomic strategy based on the C-Map (40), which identified several agonists of the nuclear receptor PPARγ that were negatively correlated with our 200-gene HSPC Cdx2 signature, suggesting that these compounds might antagonize the leukemogenic activity of CDX2. In support of this hypothesis, PPARγ agonist treatment reversed a central feature of the Cdx2 signature, repression of KLF4, and exerted a multifaceted tumor-suppressive effect in CDX2 + myeloid leukemia cell lines and primary human AML samples and in Cdx2-induced murine leukemias, whereas CDX2 -cells were unaffected. The unexpected link between CDX2 and altered PPARγ signaling was also demonstrated by the observation that components of the PPARγ pathway, including PPARγ itself, were overexpressed in Cdx2-driven murine leukemias and CDX2 + human AML cells.
Collectively, these findings suggest a model in which aberrant expression of CDX2 in HSPCs causes silencing of KLF4, which in turn leads to upregulation of PPARγ signaling intermediates, thereby sensitizing the leukemic cells to PPARγ agonist treatment ( Figure 9 ). Given the known relationship between expression of CDX2 and induction of KLF4 in colonic epithelial cells, through additional, as yet unknown mechanisms. Another recent study identified downregulation of KLF4 as a consequence of the JAK2 V617F mutation in polycythemia vera (PV) (58) . This observation may point to a more general role for reduced KLF4 activity in myeloid leukemogenesis; however, the functional significance of KLF4 repression in PV remains to be determined.
Our findings also provide a mechanistic explanation for the opposing effects of CDX2 in AML and CRC. We observed that KLF4 expression was decreased by CDX2 in myeloid cells, resulting in enhanced survival and proliferation. In contrast, KLF4 was positively regulated by CDX2 in CRC cells, thereby mediating the growth-inhibitory function of APC, a critical inhibitor of Wnt signaling that is commonly inactivated in CRC (22, 51) , and possibly other tumor suppressors for colorectal neoplasia. Consistent with these tissue-specific properties, we found that CDX2 bound to distinct sites in the KLF4 regulatory region in AML versus CRC cells, which engendered antagonistic effects on histone modification patterns at the KLF4 promoter that translated into opposing effects on KLF4 expression. DNA methylation analysis indicated that the mechanism underlying context-dependent accessibility of the KLF4 regulatory region likely involves fundamental epigenetic differences between hematopoietic and colonic epithelial cells at the KLF4 5′ locus. Notably, the upstream differentially methylated sequences identified are not located in a CpG island region, but in its less CpG-dense direct neighborhood. Such regions, referred to as "CpG island shores," have previously been shown to exhibit substantial plasticity of DNA methylation in different tissue and cancer types (59) . Therefore, the observed cell typespecific DNA methylation patterns could influence CDX2 occupancy either directly by differential binding affinity or via indirect mechanisms, such as locally altered chromatin conformation, a question that requires further investigation. Another important question to be addressed in the future is how differential binding of CDX2 directs the changes in the chromatin state of KLF4. In any case, our present findings reinforce that CDX2 may be added to the growing list of cancer genes that can affect tumorigenesis both positively and negatively, such as RUNX family members, WT1, TGFB1, and NOTCH1 (60-63).
Figure 9
Opposing actions of CDX2 in AML and CRC development. (A) In AML (left), aberrant CDX2 expression leads to downregulation of KLF4 (OFF) through binding to distinct sites in the KLF4 regulatory region and recruitment of the H3K4 demethylase KDM5B, thereby contributing to leukemogenesis. Aberrant CDX2 expression also causes deregulated PPARγ signaling via an unknown mechanism. In colonic epithelial cells (right), CDX2 induces KLF4 expression through binding to different sites in the KLF4 regulatory region, consistent with previous studies showing that loss of CDX2 and subsequent downregulation of KLF4 promote colorectal carcinogenesis. (B) PPARγ agonist treatment upregulates KLF4 expression (ON) regardless of tissue context, thereby inhibiting the viability and proliferation of AML (left; present study) and CRC cells (right; previous observations). Further studies are required to elucidate the mechanism whereby aberrant CDX2 expression and loss of KLF4 cause deregulated PPARγ signaling (dashed arrows). viral vector (Invitrogen). For inducible expression, the CDX2 cDNA was cloned into an IPTG-inducible pLKO.1puro vector (provided by S. Silver, Broad Institute, Cambridge, Massachusetts, USA). For apoptosis and cell cycle analysis in response to KLF4, the pRRL.PPT.SF.hKLF4.Tomato.pre lentiviral vector was used (provided by M. Milsom, Children's Hospital Boston, Boston, Massachusetts, USA). RNAi experiments were performed using pLKO.1 lentiviral shRNA vectors obtained from the MISSION TRC-Hs 1.0 (Human) shRNA library (shCDX2_1, TRCN0000013685; shCDX2_2, TRCN0000013684; shKLF4_1, TRCN0000005316; shKLF4_2, TRCN0000010934; shKDM5B_1, TRCN0000014761; shKDM5B_2, TRCN0000014762) through Open Biosystems or Sigma-Aldrich. For coexpression of shCDX2_1 and GFP, the puromycin resistance gene of pLKO.1 was replaced with GFP, which was PCR-amplified from pMSCV-IRES-GFP. Generation of viral supernatants and viral transduction were performed as described previously (15, 67) .
RNA isolation, cDNA synthesis, and qRT-PCR. RNA isolation, cDNA synthesis, and qRT-PCR were performed using standard procedures. See Supplemental Methods for details.
ChIP and LUC reporter assays. ChIP was performed using K-562 and HT-29 cells stably transduced with HA-CDX2, alone or in combination with shRNAs targeting KDM5B, or an empty pLenti6.2/V5-DEST control vector. Expression values were normalized to input chromatin and reported as percent input after background subtraction. For LUC reporter assays, the KLF4 promoter and a fragment of the KLF4 upstream regulatory region containing CDX2 binding sites 3 and 4 were cloned into pGL4.12[luc2CP] (Promega). Mutated binding sites were generated by site-directed mutagenesis. See Supplemental Methods for details.
Quantitative DNA methylation analysis. DNA methylation was quantitatively assessed at single CpG units using MassARRAY EpiTyper technology (Sequenom) as previously described (68) . See Supplemental Methods for details.
Cell viability and proliferation assays. Viability and proliferation of primary murine leukemic cells and human myeloid leukemia cell lines were determined using the CellTiter96AQueousOne Solution Proliferation Assay (Promega).
Cell cycle, apoptosis, and differentiation analysis. Cell cycle, apoptosis, and differentiation were analyzed using standard procedures. See Supplemental Methods for details.
Colony formation and LTC-IC assays. Colony formation and LTC-IC assays were performed using standard procedures. See Supplemental Methods for details.
Murine BMT assays. Noncompetitive BMT was performed as described previously (15) . For competitive BMT, GFP + cells derived from Cdx2-induced murine leukemias were transduced with a retroviral vector expressing THY1, either alone or together with KLF4, followed by sorting of GFP + , GFP + KLF4-THY1 + , and GFP + THY1 + cells using a BD FACSAria cell sorter. Sublethally irradiated mice were injected with equal numbers (2 × 10 4 ) of GFP + cells and either GFP + KLF4-THY1 + or GFP + THY1 + cells, and the proportion of GFP + THY1 + cells in the BM and spleen of diseased mice was quantified by flow cytometry.
Statistics. Experiments were performed at least 3 times; unless otherwise indicated, 1 representative experiment is shown. Error bars represent mean ± SEM. Statistical analysis was performed using paired or unpaired 2-tailed t test, Kaplan-Meier survival estimates, or log-rank test as appropriate. A P value less than 0.05 was considered significant. Computations were performed using GraphPad Prism (version 5.0a; GraphPad Software).
Study approval. Human AML samples were obtained under institutional review board-approved protocols following written informed consent. Animal experiments were performed after approval and in accordance with the guidelines of the Subcommittee on Research Animal Care of Children's Hospital Boston. a similar mechanism may be operative in CRC cells, which are commonly characterized by a loss of CDX2 function. Our observation that deregulation of PPARγ signaling was present in Cdx2-driven murine AML and in established CDX2 + human cell lines, but not in murine HSPCs acutely transduced with Cdx2, argues against the possibility that the increased transcription of components of the PPARγ pathway in CDX2 + leukemic cells is due to direct induction by CDX2. Instead, we reason that altered PPARγ signaling reflects more complex, multilayered changes in gene expression that occur gradually as HSPCs adapt to the presence of CDX2. However, further studies are required to characterize the entire molecular circuitry involving KLF4 suppression and deregulated PPARγ signaling in different tissues characterized by perturbation of CDX2 function.
In summary, our data demonstrated that the leukemogenic activity of CDX2 was linked to a distinct set of transcriptional changes and that silencing of KLF4 was an essential feature of this aberrant gene expression program. Hence, KLF4 emerges as a previously unrecognized growth-inhibitory gene involved in multiple AML subtypes, an observation that also offers insight into the mechanistic basis for the disparate functions of CDX2 in AML and CRC. Furthermore, gene expression analyses enabled the identification of deregulated PPARγ signaling in myeloid leukemias driven by CDX2. Because PPARγ expression is lower in normal HSPCs compared with AML (65, 66) , and PPARγ agonist treatment preferentially inhibits the viability and proliferation of CDX2 + AML cells, a therapeutic window may exist in which PPARγ-directed therapy might attack CDX2 + leukemias while sparing normal cells. These findings provide a potential new lead for the development of targeted therapeutics in CDX2 + AML.
Methods
Isolation and retroviral transduction of mouse HSPCs. BM cells were harvested from 3x15 C57BL/6 mice, and differentiated cells were removed by incubation with rat Ab against lineage antigens (CD3, CD4, CD8, Gr-1, B220, CD19, IL-7R, and Ter119), followed by depletion with magnetic beads (Dynabeads; Invitrogen). Lineage-depleted cells were stained with APC-conjugated anti-c-Kit and PE-Cy5-conjugated goat anti-rat Ab, and c-Kit + Lin -cells were sorted using a BD FACSAria cell sorter (BD Biosciences). Cells were plated in RetroNectin-coated tissue culture dishes (Takara Bio) and transduced twice with pMSCV-Cdx2-IRES-GFP or pMSCV-IRES-GFP retroviral constructs. After 48 hours, GFP + cells were sorted using a BD FACSAria cell sorter, and RNA was extracted using the RNeasy Micro Kit (Qiagen).
Gene expression profiling, COPA, and C-Map analysis. Gene expression profiling of mouse HSPCs and human AML samples, COPA, and C-Map analysis were performed as described previously (see Supplemental Methods). The microarray datasets reported herein were deposited in GEO (accession no. GSE40939).
Cell culture. Myeloid leukemia cell lines (EOL-1, HEL, HL-60, K-562, LAMA-1, NB4, NOMO-1, SKM-1, and U937), CRC cell lines (DLD-1, HCT-116, HT-29, LS1034, and SW-480), and 293T cells were maintained under standard conditions. PGJ2 and T0070907 were obtained from Cayman Chemical. Telmisartan was obtained from Sigma-Aldrich.
Plasmids and viral transduction. The mouse Cdx2 cDNA was described previously (15) , the human CDX2 cDNA was cloned from FirstChoice Human Colon Tumor Total RNA (Ambion), and the human KLF4 cDNA was obtained from Open Biosystems. For expression in murine and human hematopoietic cells, cDNAs were cloned into the pMSCV-IRES-GFP or pMSCV-IRES-THY1 retroviral vectors or the pLenti6.2/V5-DEST lenti-
